Abstract. Near-infrared spectroscopy (NIRS) is a noninvasive neuroimaging technique used to assess cerebral hemodynamics. Its portability, ease of use, and relatively low operational cost lend itself well to the long-term monitoring of hemodynamic changes, such as those in epilepsy, where events are unpredictable. Long-term monitoring is associated with challenges including alterations in behaviors and motion that can result in artifacts. Five patients with epilepsy were assessed for interictal hemodynamic changes and alterations in behavior or motion. Based on this work, visual inspection was used to identify NIRS artifacts during a period of interest, specifically prior to seizures, in four patients. A motion artifact reduction algorithm (MARA, also known as the spline interpolation method) was tested on these data. Alterations in the NIRS measurements often occurred simultaneously with changes in motion and behavior. Occasionally, sharp shift artifacts were observed in the data. When artifacts appeared as sustained baseline shifts in the data, MARA reduced the standard deviation of the data and the appearance improved. We discussed motion and artifacts as challenges associated with longterm monitoring of cerebral hemodynamics in patients with epilepsy and our group's approach to circumvent these challenges and improve the quality of the data collected.
Introduction
Near-infrared spectroscopy (NIRS) is a neuroimaging modality that uses the transmission of near-infrared light through biological tissue to determine the relative concentration of hemoglobin in different states of oxygenation. It is used to examine cortical cerebral hemodynamics. Many studies using this modality have focused on task-based approaches to examine cerebral hemodynamic responses evoked in response to stimuli or during cognitive activities. Given its low operational cost, ease of use, portability, and the ability for patients to be relatively more mobile during studies, NIRS lends itself well to the long-term examination of hemodynamic changes. Long-term monitoring is critical in order to better understand alterations in brain activity that may occur over extended periods of time as well as those that may occur during unexpected or unanticipated events. As a result, such an approach has been taken to examine cerebral hemodynamic changes occurring in patients with epilepsy. [1] [2] [3] [4] [5] [6] [7] [8] [9] As data are recorded for longer durations in these instances, this raises additional challenges to be addressed during and after data collection such as an increased prevalence of movement, which can induce artifacts in NIRS data. Recently, more attention has been given to the reduction of motion artifacts in NIRS data. The way that motion artifacts manifest in a dataset varies depending on the nature of the artifact and movement. Motion artifacts resulting from a shift in the contact between the optode and the skin may appear as sharp spikes or shifts in the data. 10 Several methods have been proposed to reduce such motion artifacts and they vary widely in their methodology. While some techniques, such as those using an accelerometer, require additional equipment present during data collection to provide a direct measurement of motion or the effects of motion, 10 other techniques with no such additional requirements have also been explored. 11, 12 HOMER2 (hemodynamic evoked response 13 ), a NIRS software package in MATLAB® (Mathworks, Natick, Massachusetts) has recently made available many motion correction techniques including principal component analysis (PCA), 14 targeted PCA (tPCA), 15 correlation-based signal improvement (CBSI) method, 11 Kalman filtering, 16 the wavelet method, 17 and the motion artifact reduction algorithm (MARA), 12 which they term spline interpolation.
Studies have compared the efficacy of several methods at reducing artifacts in NIRS data. One study compared the effect of PCA, 14 MARA, 12 the wavelet method, 17 and discrete Kalman filtering 16 on data comprised of simulated hemodynamic response functions added to acquired NIRS data. 18 Based on the performance of these techniques, the authors recommend the use of the MARA 12 and wavelet methods. 17, 18 Another study compared the same four motion correction techniques along with the CBSI method 11 and trials where no correction was performed or where entire trails containing an artifact were rejected. 19 This study focused on the reduction of low-amplitude and low-frequency artifacts; results indicated that the wavelet method outperformed the other methods at reducing this type of artifact. 19 Another experiment examined a new technique, tPCA 15 and compared it to the MARA and wavelet methods as well as NIRS data collected from probes affixed to the scalp using collodion, which has been shown to prospectively reduce motion artifacts in the data. 20 This was tested on simulated hemodynamic response functions added to real NIRS data. tPCA was found to perform the best of the three artifact correction techniques. 15 Work in our group is focused on better understanding cerebral hemodynamic alterations occurring in patients with epilepsy. Given the unpredictable nature of seizures, sometimes many hours of data must be collected over multiple days in order to capture an event (e.g., seizure) or period of interest. The requirement for extended duration data collection means we are certain to have motion artifacts at some point in the data series. In order for NIRS to be clinically useful, a method was needed to remove or minimize motion artifacts. Data from this paper were acquired during a study focused on examining alterations in cerebral hemodynamics occurring during the preictal period (before a seizure). We are interested in studying hemodynamic changes before, during, and after seizures as this can help us to elucidate factors contributing to epilepsy and help us to better understand changes in tissue oxygenation and blood volume that may occur during different epileptic states. Our group is particularly interested in hemodynamic changes that occur prior to seizures, as these may be potentially predictive of oncoming seizures.
In this study, we examined cerebral hemodynamics from the frontal lobes of patients with epilepsy during both the interictal and preictal period. The frontal lobes were selected as the site of data collection in order to avoid placing the probes over hair which may absorb emitted light and distort the data collected. Not all patients recruited for this study had frontal lobe epilepsy. As a result we did not obtain NIRS measurements directly from the epileptic lobe for all participants. Studies, however, have demonstrated ictal alterations in frontal perfusion in patients with temporal lobe epilepsy. 21 Previous work from our group and others has also demonstrated alterations in frontal oxygenation in patients with temporal lobe epilepsy minutes prior to seizure onset using NIRS. 5, 6 We selected the MARA technique to apply to our data based on its strength in reducing baseline shift artifacts and its performance. 18 To our knowledge, MARA has been used without significant modifications in 25 human studies since its creation ( Table 1 ). The majority of these studies were task-based studies (∼72%) and involved the study of healthy participants (∼84%) in which NIRS data was recorded for less than 1 h at any given session (∼84%). In the majority of these studies, subjects were relatively motionless and in many cases were comfortably seated.
Our application of this semiautomatic technique to our data involving the long-term video-electroencephalography (EEG) monitoring of patients with epilepsy is unique. First, many of the studies previously using these techniques were task-based and of short duration. Our data were acquired over many hours and on multiple days for some patients. Long-term monitoring results in an increase in movement and thus motion-related artifacts. This study extends the use of MARA from short studies on the healthy population into a long-term monitoring context wherein several hours of data are collected, sometimes over multiple days, from an adult patient population in a hospital setting. Three previous studies have been conducted that use MARA on long-term monitoring data. One of these studies was conducted using a healthy population during sleep. 10 The remaining two studies investigated different patient populations: newborn infants with neonatal encephalopathy 22 and patients receiving balloon occlusion of their cerebral arteries. 41 In the former study, analyzes were focused on events seconds to minutes in length 22 and, in the latter study, the authors noted that only the few minutes of data around the occlusion were analyzed to avoid motion artifacts. 41 Studying adults in an inpatient setting being monitored for their seizures poses challenges in data collection and analysis that are unique to this patient population and would not be observed in the other studies published. These challenges include the wide range and prevalence of movements and behaviors exhibited by patients being monitored in the hospital over days, the artifacts that result from these movements and behaviors, and the placement of NIRS sensors among EEG electrodes.
This paper examines the challenges unique to the long-term monitoring of patients with epilepsy and how these challenges are associated with artifacts in the data. We demonstrate how a semiautomated method, widely available, can be applied to reduce motion artifacts in long time-course NIRS datasets. This ecologically valid work is aimed at improving the applicability of NIRS for applications in clinically relevant data.
Methods

Participants
Eight patients with frequent focal seizures were recruited from the seizure monitoring unit (SMU) at the Foothills Medical Centre, where they were undergoing continuous EEG and video monitoring as part of their presurgical investigations for refractory focal epilepsy. Written consent was obtained from all patients and this project was approved by the Conjoint Health Research Ethics Board at the University of Calgary.
Information regarding these patients can be found in Table 2 . Five of these participants were included in a behavioral analysis (P1 to P5), and four of them were included in an analysis where MARA was applied to their data to reduce artifacts (P5 to P8).
Data Collection Procedure
A source/detector probe from Hamamatsu Photonics (Hamamatsu City, Japan) was placed on the left and right forehead of participants using a double-sided adhesive. Efforts were made to avoid placing the optodes over the frontal sinuses and, in some cases, the position of the optodes was shifted to accommodate the frontal EEG electrodes. A headband or tensor bandage was placed around the head, covering both optodes, to minimize motion and to reduce artifacts from incident light. Patients were allowed to fall asleep or stay awake and were sitting or lying down during the study. Their mobility was limited by the length of the optode cord (2.5 m). Data were collected until a seizure occurred or they withdrew from the study. Typically, this resulted in several hours of data collection, which, for some participants, included multiple days of data collection. 
Data Collection Parameters
NIRS data were obtained using the NIRO-200 system (Hamamatsu Photonics, Hamamatsu City, Japan). This machine uses three wavelengths of light (775, 810, and 850 nm) and records continuous changes in oxygenated hemoglobin (HbO 2 ), deoxygenated hemoglobin (HHb), tissue oxygenation index [TOI; oxygen saturation measured as the ratio of HbO 2 to total hemoglobin (HbT)], and normalized tissue hemoglobin index (nTHI; the amount of HbT normalized relative to the first value of HbT measured). The sampling rate was 2 Hz. Data were exported to a PC laptop via USB connection and saved as text files using the NIRO-100/200OL program (Hamamatsu Photonics, Hamamatsu City, Japan). The relative concentrations of HbO 2 and HHb were calculated by the NIRO-200 machine using the modified BeerLambert law and curve fitting. These values were obtained in units of μM ⋅ cm. A recently derived equation was used to estimate the differential path length factor for each participant based on his or her age as well as the middle of the wavelength of light (810 nm). 48 This value was multiplied by the emitterdetector separation of 4 cm and this was used to convert HbO 2 and HHb measurements into final units of μM. Measurements of TOI and nTHI were calculated by the NIRO-200 machine using spatially resolved spectroscopy. 49 For the purposes of visualization, NIRS measurements were normalized by subtracting all subsequent data from the first data point shown in each figure. As a result, data shown in graphs represent a change in each measure from the first value graphed.
Behavior and Motion Examination
Five participants (P1 to P5) were chosen to undergo behavioral analysis as they had interictal video available for extended periods of time. One interictal segment, 1 h in length, was chosen for each participant. These segments were chosen such that the entire segment was distanced from any seizures occurring before or after the segment. With the exception of one participant, where there were 24 min between the end of the segment and the following seizure, all segments were taken at least 1 h before and after a seizure. The exact timing varied depending on the amount of available data and the occurrence of a seizure.
A video of the patient obtained simultaneously with the EEG and NIRS data collection in the SMU was examined during this segment and marked for behaviors commonly observed in patients as well as changes in body position. Behaviors commonly exhibited by patients included eating and/or drinking, resting (eyes closed, still), watching a screen (either on a personal laptop or the TV in the SMU), reading, talking (either on the phone or in person), typing (either on a personal laptop or phone), listening to music, yawning, and pulling at the optodes and/or tensor bandage. Movement was also marked and included standing up, sitting down, lying down, sitting up, rolling over, and other movements (including adjusting position). NIRS data were then visually examined for fluctuations with reference to the recorded behaviors and movements.
Selection of Artifact Reduction Techniques
Three artifact reduction techniques that do not require the presence of additional equipment at the time of data collection have been shown to be effective at reducing motion artifacts and to outperform other methods in doing so. They include the MARA, 12 wavelet, 17 and tPCA methods. 15 All the three techniques are available through the HOMER2 software package and are easy to implement. As a result, we were interested in the use of these techniques for our long-term monitoring data.
The most problematic motion artifacts we observed in our dataset were baseline shift artifacts. The wavelet method does not reduce these types of artifacts, 15 and as a result was not applied to our data. tPCA is a novel technique which, to date, has only been applied to optical density data. In our study, data is exported in HbO 2 , HHb, TOI, and nTHI measures. When tPCA is applied to all of these measures at once, artifacts are not all consistently reduced and in some cases, they can be enhanced. Additional iterations of this technique can improve its results with some of the artifacts. 15 It is possible that the performance of this technique may be impacted by the different scales, amplitudes, presentation of artifacts, and/or variance of these measurements. These differences may explain some artifacts persisting after the application of this technique. Applying tPCA separately for each NIRS measurement could be a beneficial approach as it would include only similar data in the analyses. It is important to note that the number of components generated by PCA is directly related to the number of probes used. Two NIRS probes were used for the majority of those participating in our study, limiting the analyses done on each measure to the removal of one of the two components in order to maintain variance in the signal. Additionally, there were instances in our study where measurements were only acquired ipsilateral to the seizure focus. In such cases, the tPCA technique applied separately for each measurement would remove either all or none of the variance in segments identified as containing an artifact, resulting in either no change to the signal or to a flat signal present for all segments identified as containing artifacts. For this reason, MARA was more compatible with our data as this method can be implemented simultaneously with all four measures. Given the small number of channels used in this study, a strength of the MARA is that its efficacy is not impacted by the number of probes. As a result, we chose to focus on studying the efficacy of MARA with our data.
Application of Motion Artifact Reduction Algorithm to NIRS Data
The first step in reducing artifacts using MARA is the identification of artifacts. This was originally done using the application of a sliding standard deviation to the NIRS signal of interest. 12 A user-set threshold was applied to this sliding standard deviation in order to identify segments of data containing a potential artifact. Other groups have identified artifacts in the data using the hmrMotionArtifactByChannel script available through the HOMER2 software program, which identifies artifacts on a channel-by-channel basis. This script allows users to set the window size where changes in signal amplitude and standard deviation are calculated, as well as to set a threshold on the standard deviation and amplitude changes within this window.
While some studies use the same parameters for the identification of motion artifacts in NIRS data for all participants, 15, 19, 23, 41 others alter these parameters, tailoring them to the participant/data. For example, the original paper describing MARA used different standard deviation thresholds for HbO 2 and HHb data. 12 Another study altered the standard deviation threshold on a subject-by-subject basis using visual inspection to optimize the accurate identification of artifacts. 18 Indeed, it has been our experience that thresholds set on a subject-by-subject basis improve the identification of artifacts. In this study, a sliding standard deviation of the data was performed with a window size of 61 datapoints (30.5 s). The median of the standard deviation over the hour prior to seizure onset (or all preictal data if less than 1 h was available) was calculated. A percentage of this median value was used to threshold the sliding standard deviation. This approach accounted for different baseline levels of variance that may exist across measures. As not all artifacts in the data were observed in both channels, the threshold applied to the sliding standard deviation was chosen separately for each optode and channel. The artifacts appeared to varying degrees in the four NIRS measurements and sometimes were undetectable in one or more measures; however, it was observed that these artifacts often appeared most distinctly in the HbO 2 , HHb, and nTHI measures. As a result, the timing of identified artifacts using HHb and nTHI was combined. Visual inspection was used to confirm that the standard deviation thresholds accurately identified artifacts. This visual check prevented the use of a threshold that was too high or missing large artifacts, and prevented a threshold that was too low from being selected, which could flag artifact-free segments improperly and distort the data. Typical scalars multiplied by the median standard deviation ranged from 3.2 to 5.5. This translated to standard deviation thresholds between 0.5 and 0.6 for HHb (μM) and between 0.023 and 0.047 for nTHI (%). Identified artifacts typically involved rapid increases or decreases in signal of over a couple of seconds with slopes of around 0.85 μM∕s for HHb and 0.12%∕s for nTHI.
Next, motion artifacts were reduced using MARA, involving a number of steps. The data were split into segments identified as containing an artifact and those without. A spline was fit to each segment containing an artifact. This spline was subtracted from the data. Windows of data of variable lengths were used to obtain mean values at the beginning and end of each data segment, which were then used to determine the vertical shift between segments of data. Each artifact segment and artifactfree segment was then adjusted by adding these vertical shifts to ensure the data were continuous before and after the segments with the corrected artifacts. 12 For more detailed information regarding this technique, refer to Ref. 12 .
MARA was applied to these data using the hmrMotionCorrectSpline script from the HOMER2 package (version 0.8.3) to create and subtract the splines as well as to add the vertical shift to realign the data. An adjustment was made to the hmrMotionCorrectSpline script to accommodate the sampling rate used in this study. Default values to determine the windows of data before and after segments of data were originally empirically determined and set to one-third the sampling rate and two times the sampling rate. 12 Given the sampling rate of 2 Hz used in this study, these default values were not feasible. As a result, in order to apply MARA to these data, the default values were changed to 50 s and 1000 s.
Artifacts were observed during the hour prior to seizure onset for four patients (P5 to P8) and commonly occurred in the 15 min prior to seizure onset. As this time period prior to seizures is of particular interest due to previous work observing preictal alterations occurring during this time frame, 5, 6, [50] [51] [52] it was chosen as a focus for further examination. To quantify how the signal was altered by the application of MARA, the percent change in standard deviation was calculated over this 15-min period. Additionally, to determine the reduction in NIRS artifacts, an average obtained over a window of 20 data points or 10 s prior to the segment identified as containing an artifact was subtracted from an average over a 10 s window after the artifact. This was done for all artifacts in the 15 min prior to seizure onset that were at least 10 s apart from other artifacts and the time of seizure onset. The absolute value of this subtraction conducted pre-and post-MARA were compared using the Wilcoxon Signed Rank test. This statistical test was selected as not all data followed a normal distribution. These analyses were conducted separately for each NIRS measurement.
Results
Behavior Analysis
Fluctuations in the NIRS data frequently co-occurred with changes in behavior, movement, or both. An example of an analysis from patient P5 is shown in Fig. 1 . In this figure, a rapid change in all four NIRS measurements was observed occurring at approximately 7.5 min. When compared to the behavioral and movement markings for this patient, this rapid change occurred during a period when the patient was resting with no notable movement.
A second review of the video was conducted over this time period to identify the cause of this marked change in the NIRS data. It was found that this rapid fluctuation corresponded to the patient repositioning his head while lying down. This likely caused a shift in contact between the optode and the scalp, resulting in a motion artifact in the data. This movement was marked upon this second review and appears as a black triangle on the top graph. Other fluctuations in NIRS measurements were observed during this 1-h period and they frequently coincided with a noted change in behavior or movement.
Application of Motion Artifact Reduction Algorithm to Artifacts
Data in the hour prior to seizures were examined for artifacts appearing as sharp shifts in the data. In four cases, sharp shifts were common in the 15 min prior to a seizure and these segments were examined further. As can be seen in data from P6 (Fig. 2) , these artifacts can appear in both NIRS channels and across all four NIRS measurements. Application of MARA reduced the sharp baseline shifts present in the data. It also reduced the standard deviation over the 15-min time period bilaterally (Table 3 ). The percent reduction was greatest for the measures where the artifacts appeared as large baseline shifts such as the bilateral nTHI, contralateral HbO 2 and contralateral HHb measurements, than when the artifacts appeared as spikes. The beneficial impact of MARA with these sharp artifacts was also observed in data from patient P7 (Fig. 3) . The last four rapid shifts in the data were significantly reduced using MARA. However, the first segment identified as an artifact was not improved using this technique. This was likely due to the dynamic nature of the data prior to when the artifact was identified. Because the NIRS data prior to the first identified artifact segment was not stable, the average of the data obtained over a window before the artifact was not representative of the preartifact signal. Because of this, the shift could not be adequately reduced. Even so, the remaining sharp shifts in the signal were improved post-MARA, resulting in a reduction of the standard deviation over this time period across all four measures that was greatest for the HbO 2 and HHb measurements.
In data from patient P8, rapid shifts in the data were followed by a gradual return to baseline (Fig. 4, white arrows) . Applying MARA reduced these rapid shifts; however, it resulted in a greater downward slope in the data. This is reflected by a greater standard deviation in the HbO 2 , HHb, and nTHI measurements that was largest for the HbO 2 and HHb measurements where the rapid changes were prominent. The application of MARA using information from both the HHb and nTHI measurements gave satisfactory results for all participants in the study with the exception of patient P5. Data acquired from this participant showed baseline shift artifacts in the HbO 2 and HHb measures. The artifacts were most easily distinguishable in the HbO 2 measurements. As a result, the combination of HbO 2 and nTHI was used to identify motion artifacts. This yielded an improved reduction of the artifacts using MARA, as shown in Fig. 5 . The resulting data had a reduced standard deviation that was largest in the HbO 2 data where the artifacts were the most striking (Table 3) .
When the data prior to and after the application of MARA were compared, there was found to be a significant reduction in the difference between a 10-s average of the signal taken before and after identified artifacts post MARA (Fig. 6 ). This reduction was statistically significant for all four measurements (HbO 2 : Z ¼ −2.667, p ¼ 0.008; HHb: Z ¼ −3.059, p ¼ 0.002; TOI: Z ¼ −2.667, p ¼ 0.008; nTHI: Z ¼ −2.118, p ¼ 0.034) and demonstrates that the application of MARA significantly reduces any discrepancy between the pre-and postartifact signals such as in the case of baseline shifts. 
Discussion
Long-term monitoring with continuous wave NIRS systems includes data that may include significant baseline shifts or other artifacts. Reduction or elimination of these artifacts with minimal operator input is needed to recover these data such that accurate monitoring of changes in chromophores can be obtained. While the nature of NIRS fluctuations is not always clear, there are instances where sharp baseline shifts occur and correspond to artifacts that can be caused by motion.
To this end, we have shown that when MARA is applied to long-term monitoring data that periodically includes sustained baseline shift artifacts (e.g., P5 to P7), the standard deviation of the data was reduced by 44% on average. An example of the importance of identifying and reducing artifacts, particularly baseline shifts, can be demonstrated by the data obtained from P6 (Fig. 2) , specifically data obtained contralateral to the seizure focus. If the original data were analyzed, one may incorrectly interpret the results as showing a drastic decline in HbO 2 , HHb, nTHI, and thus blood volume occurring approximately 2.5 min prior to seizure onset. This, however, would not be accurate as it is reflective of an artifactual baseline shift. Such large shifts may mask more subtle and real alterations in cerebral hemodynamics.
It is important to note that not all artifacts are reduced in the data. For example, small shifts remain in the data of P8. This is due to a trade-off in setting the standard deviation threshold; an appropriate threshold may fail to identify small artifacts. However, it prevents the false identification of artifacts which can distort the data. In cases where contact between the probe and skin may be altered during the recording, resulting in noisier data, the creation of a method that would allow for a dynamic threshold of the standard deviation could presumably be a valuable approach to improving artifact identification.
Additionally, it should be noted that MARA increased the standard deviation of the HbO 2 and HHb measurements for P8, resulting in a sustained downward slope in the data. Although this pattern was not commonly observed in the data, it raised the question of whether these shifts should be corrected using this technique. It is possible in this case that the artifacts that appear as rapid increases in the data are masking what should be a preictal decline in HbO 2 and HHb prior to seizure onset. In this case, MARA would have been successful at restoring this original trend. Alternatively, it is also possible that both the rapid shift and then the slow return to baseline are artifacts, perhaps representing the probes returning to their original position after being slightly shifted. In such a case, this technique may be creating an artifactual drift in the data.
We hypothesized that the preictal state would involve slow increases or decreases in frontal tissue oxygenation or blood volume based on our previous work indicating alterations during this time. 6, 51 As a result, this technique of applying a sliding standard deviation to the data to identify artifacts was appropriate. Reducing large baseline shifts would allow for a more accurate characterization of more slowly varying hemodynamic changes that may precede seizures. The application of this technique may not work as well when applied to ictal data where hemodynamic alterations can be rapid and high in amplitude; 2 this may result in hemodynamic changes being identified as artifacts. Moreover, increased movement associated with some seizure types may further complication artifact reduction and the recovery of ictal hemodynamics.
We observed that the MARA method is useful for reducing sustained baseline shifts which are more problematic than brief spikes in the data. An example of both types of artifacts came from patient P5 where a clear motion artifact occurred at approximately 7.5 min (Fig. 1) . This resulted in a high-amplitude, highfrequency artifact in the NIRS measurements. This was likely caused by a change in the contact between the optode and the participant's forehead. This artifact affected all NIRS measurements, although not in the same way. Shortly after the data spike, a sustained baseline shift in both the HbO 2 and TOI measurements was observed. The artifact appeared as sharp spikes in the HHb and nTHI measurements. While transient spikes in the data are less problematic, sustained baseline shifts may impact result interpretation if they occur during a period of interest, such as prior to seizures in the case of our study. It is, therefore, necessary to be aware of these artifacts and to implement a technique to identify and reduce the artifacts prior to analysis. It has been previously shown that with continued development of NIRS equipment, such as the use of smaller optodes affixed to the scalp using collodion, improved contact between the scalp and optodes can be achieved. 20 This reduces motion artifacts during data collection and improves the signal to noise ratio of the NIRS measurements. 20 While this is encouraging for future NIRS systems, its utility for existing systems is limited. Optodes were affixed carefully to the skin during our study with adhesive and further kept in place by a headband; however, artifacts were occasionally observed. In such cases, the application of certain techniques after data collection is important for reducing artifacts and improving NIRS data. The application of such techniques is especially important in the case of long-term monitoring. In studies that include many short trials with many participants from populations of interest that are relatively easy to recruit, it may be easier for participants to stay still during these trials, resulting in fewer artifacts. When artifacts do occur, as there are a number of participants and several trials, the exclusion of these data does not have a large impact on the amount of data included in the analyses. In the case of certain populations and events of interest, however, such as ictal alterations in cerebral hemodynamics in patients with epilepsy, these data are difficult to acquire. Moreover, as many hours of data are collected in order to collect data during a seizure, it is more likely that patients will move during the study. Given the extra challenges associated with this data acquisition, the sample sizes are typically smaller for these studies and it is, therefore, essential to implement techniques to improve the data when artifacts are present.
Our artifact reduction approach has some limitations. First, due to differences in variation of the data across participants and artifact presentation across channels, the same threshold was not appropriate for all NIRS data. Thus, the threshold applied to the sliding standard deviation was selected on a case-by-case basis. This approach avoids large artifacts being missed and too many segments of the data being erroneously identified as artifacts, which can distort the NIRS signal. This type of subjective input in motion artifact reduction for NIRS data is not limited to the MARA as it is also present in the PCA and tPCA methods where components to be removed are selected by the user, 14, 15 and the wavelet method, where a user-defined probability threshold is also used. 17 Second, our approach to overcome the challenge of artifacts appearing to varying degrees across the four measurements and two channels by using both HHb and nTHI measures to identify artifacts within the data for each channel separately did not yield satisfactory results for one patient (P5). For these data, the replacement of the HHb measurement by the HbO 2 measurement to identify artifacts led to a better outcome. It is unclear why the artifacts for this participant appeared more prominently in the HbO 2 measurement than the HHb measurement.
Additionally, we observed that when the signal before or after an identified artifact is variable, artifacts may not be properly reduced. The length of the windows used to reduce baseline shifts were altered to accommodate the sampling rate in this study and it is possible that further adjustments to these window lengths could improve this technique, although it may be challenging to find window sizes that function well across all types of data.
Overall, the application of MARA to our long-term monitoring data improved the quality of the time-course data. The selection of this method was supported by previous comparisons of the PCA, MARA, wavelet, and Kalman filtering methods which were supported using MARA and wavelet approaches to reduce artifacts. 18 This work provides a practical example of how the semiautomated artifact reduction method, MARA, can be applied to long-term recordings of NIRS data. Removing baseline shift artifacts from long-term recordings of NIRS data is required as they can be large in amplitude and impact data interpretation. This method is readily available and can be easily implemented including with data acquired from studies where few channels are used. We have shown that the application of this technique reduces variation within NIRS data by decreasing artifacts such as sustained baseline shifts. This technique improves data quality of NIRS by reducing artifacts and thus has the ability to greatly improve the accuracy of conclusions drawn in studies such as ours-examining cerebral hemodynamics in the epileptic preictal state.
